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INTRODUCTION
The processes of crystal nwleatim, growth and dissoluticn are of c e n t r a l w r t a n c e to the furdamental and applied sciences, ranging fran the chemistry and physics of materials, through structural chemistry and biology, to biological aryl pathological crystallizatim. Y e t , the degree of urderstarding and the ability to Cantrol them are still a t a Iudimentary level. Most previaus studies were prinkwily of a 'c and kinetic nature and directed a t sinple inorganic systerns. Thz present approach is fmm the s t n c t u m l and stereochnrcal view point, takirg also into -t the mlearlar packirs afiangement of the crystal and its mrplmlqy.
Crystal nucleatim has been describd classically in tarnr; of two distinct ccnsecutive steps (ref.1). In the f i r s t cne, the dissolved mlecules i n the supersaturated s o l u t i m aggregate to fonn structured embryonic nuclei. upcn formaticn they develop a surface which separates them f m n the errvirckment. The free energy of fonnaticn of the new surface may be represented ty ~& A G~, r is the radius of the mbzyo and ss represents the surface free energy of the nucleus per unit area. AGs is always positive and represents destabilizaticn of these nuclei. Cn the other hand the driving force for the f o m t i c n of the aggregate is provided by the internal forces between the mlec~les, as expressed ty -4/3 "3% is the free energy par unit volume of the nucleus relative to the parent phase. %us the net change in free energy of nucleaticn is %=4&aS-4/3 &K+,. thee the embryo crosses the critical radius rc a t which -/dr=O, c o -
rc=2AGs/%, ontinual gradh of the nucleus will be a stable process. In the present approach we assma that a mature crystal develops fran an embryo possessing the same structure. Thus, for m l e , materials which have the tendency to precipitate into polymnpNc forms should o n t a i n in soluticn enkqcs of the sam polymxFNc crystalline fonns. In order to gain informaticn cn the structures of these €dxyce we -the design of ordered surfaces that will induce, by a type of epitaxy, oriented nucleation of the desired crystal. We were faced with the problem of desipiq synthetic -dimensicmal nets which should be either identical limits, the packLng arrangenents of these head groups and their daMin sizes, and so
CRYSTALLIZATION OF a-GLVCINE UNDER a -A M I N O ACID MONOLAYERS
Glycine Crystallizes fran aquerxls soluticn i n the a-form (space group P2,/n), exhibiting a bipyramidal habit (ref.5). The glycine mlecules form hydmgen bcnded chiral layers parallel to the g plane (Fig.la,b,c) . These layers are j u x t w an one side of the baxis by cen.tres of irnrersicn about which the molecules are interlinked to form centmsymnetric hydrogen-bcnded bilayers (Fig.1~ ). These neighkuring bilayers make mtact thrcqh weak CH.. .O interacticns via the E-glide symneto canplete the crystal padciq. A densely packed L a r g m u i r monolayer of anphiphilic kmocNral a-amiro acid molecules should exhibit at the &/water interface a hykgen-bcnded layer a r r q m t very similar to that of a-glycine (Fig.lb) , provided the hydrophobic mieties of the -layer have a cross-secticnal area equal to or snaller than that of the a-amino acid head grcups. Ccnsequently, a monolayer of, say, resolved (R)-a-amino acids packed as tightly as in the 3 layer of a-glycine, should simulate an g-layer of glycine mlecules exposed at the (010) face of the crystal, (as &-am in Fig.11 , and thus might iriduce nucleaticn of a glycine crystal with this face attached to the n-cmlayer (Fig. 2a) . By symnetry, the axresponding mxlolayer of (S)-a-amino acids should induce nucleaticn of a glycine crystal with its (010) face attached to the -layer (Fig.2b) In ccntrast, films of the fluorinated ramlayer of the resolved b-aspartate ester 3
(expressing a limiting mlecular area of 30a2, and so telcnging to class 111, induced a fast nucleation of glycine. When ramlayers of S-cmfiguration were used, well-shaped pyramids, with basal faces (010) ard (010) attached to the interface were found with a preference of 50-79% for the (010) faces.
Pk~lecules of class I11 display limiting mlemlar cross-sectiaml areas in the range of 27-29g2. All these resolved ramlayers, when spread and canpressed over Supersaturated solutions of glycine, yielded fast nucleation of glycine, albeit with different degrees of (010) to (010) orientation. Canplete oriented attachrent of the expected crystal face was obtained with three ramlayers, palmitoyl-lysine (a), palmitoyl-u,r diadrdxtyric acid (2) and stearylaspartate (2). This result is depicted i n Fig.3 for a crust of glycine crystals grclwn m c k r a ramlayer of stearylaspartate fmn a supersaturated solution of glycine cchltaining 1% of raCemic glutamic acid; here the additive is used as a means for determining the ratio of (010) to (010) oriented glycine crystals. when ramlayers of Ramfiguration were used, the resulting attached glycine crystals ( Fig.3a) were faund to m t a i n as an occluded additive only (S)-glutamic acid, as established by Hpu: analysis (Fig.3b ). This enanticeelective occlusion is possible cnly if the (OIO), but not the (OlO), faces of the attached crystals of glycine are expxed to the solution (ref.5b,c.) . This crystal orientation was hdepxbntly established by X-ray diffraction measurements on specimen crystals. By the same mechanism the S-ramlayers yielded (010) oriented crystals which occlude exclusively the (R)-glutamic acid (see Fig.3c,d ). Experiments amducked with rnlayers of resolved palmitoy1 ornithine (81, ard stearyl glutmate (lo), resulted again in a fast crystallization but with a lower degree of orientation (see Table) .
Crystallization of glycine under a ramlayer of (S)-aspartic acid-b-stearyl amide ( A ) , with a surface area similar to that of stearyl aspartate was slow; these attached crystals were either (010) with a preferred (010) orientatim (see Table) .
The results discussed above clearly indicate that a molecular surface area of the -layer, as determired fran the n-A isotherm, similar to that of w-glycine, is a necessary d t i m for canplete oriented grcwth of the a-glycine. But this constraint was found to be insufficient, since nrmolayers w i t h different hydn@mbic chains, but with similar molecular surface areas, might assume different arrampmnts of their polar head-= , leading to nucleatim of crystals expressing different attached faces.
We may accoLlllt for the appearance of oppositely oriented crystals of glycine [e.g., (010) oriented crystals undemeath an S-mlayer] , by exinnining hcw the crystal may "nucleate"
below the pseudo-cencentrosymnetric h y 3 r q e n -m bilayer canposed of anphiphilic molecules and the first glycine layer (ref.2a,b) . The to-be-attached seccrfi glycine layer m l d nxmally make cctltad via a 11 glide plane, as shown in Fig.lc involving the top second and third layers. A slmilar m t a c t geunetxy involving these two layers may be achieved via a pseudo-twofold screw symnetry abmt the 5 axis, leadiq to m i t e l y oriented crystals,
X-RAY ANALYSIS OF FLOATING L A N G M U I R MONOLAYERS
Grazirg incidence X-ray diffracticn and specular reflectivity using syn&mhm radiaticn (ref.4a,b,c Fran the packing arrangerent of the m3lolayer we see that the anide grarp (m) incorparated in the chain of the mslecul0, ankitUtes to the structural stability of the m3lolayer by interlinking neighkcwring mlecules via linear N-H...O=C hydrogen bads. The linearity is mde pssible by the 30' tilt (fmn the vertical) of the molecular axis (see Fig.5 ). when the locaticn of the amide grcup is shifted by a single C-C bcnd as in palmitoy1
provided hkpndent yet mnplementary structurdl MOnMticn cn these mlayers Its cell axes a m a~5.03, k5.4&,r=117.80.
O r n i t h i n e (g), the -1 -Cannot form an N-H...O=C hych-ogen bcnd with the Same tilt of the chain. An N-H...O=C botld, albeit weak, yet be achieved if the chains tilted differently than in palmitoyl-lysine. This wxld also irrply that the glycine mieties of palmitoy1 omithine form an arrargement different f m n that of the msnolayer of palmitoy1 lysine and the layer structure of a-glycine, and 90 atxumt for the lower degree of oriented glycine crystallizaticn found u r f k palmitoy1 ornithine. m, we have not 4 -! yet been able to obsazve surface diffraction peaks fran this rmnolayer, also indicative that the m1ecular arrangement is different fran that of pdlmitoyl lysine. This ckductl *on is -b y the observatixxl that a further shift in the position of the amide srcup by another c-C bcnd as in (z), restores the ability of the mlecules to form stable i n w l e c u l a r N-H...O=C hydrogen bcnds, as reflected by the canpletely oriented crystals of g1ycine Uderneath this monolayer.
Additimal information on the effect of side chain ncdification on the packirg manpnent of the head grwps was extracted by surface X-ray diffraction on the fluorinated L a n g m i r -layer
(ref.4c) w h i c h belcllgs to class 11.
A n-A isotherm of 3 (Fig.6a) w i t h a mlecular tilt of 20*10' (Fig.7a) . For r>ns, the lattice is -1 (g=F5.7&, ~=120') and the molecules are vertically aligned.
he w i c chain is sho~n in Fig.7 . The (CF2)&F3 miety of the chain ackpts a helical CQlfOrmation With a mtation of -tly 15' per C-C bcrd. There is thus a distinct mimatch between the layer stmcture of the a-amino acid miety of the fluorinated monolayer and the layer s t r u h of a-glycine i n terms of mlecular tilt and cell axes (g=k5.74A, iT=120' versus ~=5.11, c=5.46A, 8=111.7').
The surface X-ray diffraction studies indicate well ordered daMins of abcut 500 A for mt specify the mininanu &main size required to induce crystal nucleation. In order to obtain i n f o m t i m as to the threshold &main size of the monolayer required to irduce nucleation of glycine, WB made use of mixed rmnolayers. Ckystallizaticn experhmnts uxkr mixed monolayers of (R,S)-palmitoyl-l-ine p e r f o r m e d With the hape that these into two With d -s p a c w of 5.11 and 5.00 A (see Fig.6b ). Possible packing azTangement for inclube included in the S--layer before (010) oriented crystals of glycine also kegan to appear. However, surface X-ray diffraction measurenents revealed that as l i t t l e as 4% of the opposite enantianer can destroy the diffractim peak, indicatiq t h a t the lattice of the ramlayex becanes sufficiently distorted to impart a glass-like packing. Fig.8 shows the possible packing for inclusicn of cne S-mlecule in a layer of R-mlecules. We may m i l e these diffraction and crystallizatim results by asslncing that the "glass-like" structure of the nrnolayer is sufficiently ordered over several unit cells a-dy to parmit oriented nucleatim of a-glycine.
Structure analysis of Langmuir films for crystal nucleation

681
CRYSTALLIZATION OF NaCl UNDER MONOLAYERS
In the 0c-amit-m acid surfactant/glycine System the polar head groups at the interface may be regarded as farming the first layer of the t0-be-grcw-1 single crystal. In principle, cne may extend this approach by designitq surfaces w h i c h may lead to the organizaticn of a layer of atanic or mlecular ions in soluticn. The struckure of such an icnic layer may be similar or cmplementary to the layer structure of the unaarlyirg to-be-nucleated crystal. In order to papbe the feasibility of this approach, we studied the nucleaticn of d m chloride undemeath several -layers
Scdium chloride precipitates frun aqueas solutions in the cubic space grcup Fm3m, -a=5.63&, exhibiting (100) crystal faces. When crystallized umler specific ccditions, two other less stable faces, (110) and (111) can be expesed. The (110) face (Fig.9a) is canpo~ed of altematiq rows of ~a + arx~ ~1 -icns, separated from crre arother by 2.G. cm the other hand, a pure (111) face is canpased of ions of the same kind, (i.e., Na+ or C1-) as shown in Fig.9b . The juxtaposed layers are of apposite charge, and so neutralize the system.
When -layers
of arachidic or stearic acid, which f m hexagonal nets cn Canpressicn (ref.4d), were spread over an NaCl soluticn, 70-90% of the scdim chloride crystals fonned under the m l a y e r were attached thereto w i t h their (111) faces. As metimed above, this layer is ccmprised of ians of me type m y . Were we to align Na+ ions uxlemeath a layer ccntainiq carbcarylate head gmups, the Na+ ions waild, in an ordered system, pack in an identicdl hexagonal net Fn order to c~cl~ezve charye neutrality. The k x q c n a l lattice of the (111) face of NaCl is g=&3.99i, 1=120' w i t h an area of 14.&2. Thus, there can be IY) Structural match between the top layer of Na+ ions attached to the mmlayer with an area/molecule of appmximtely 20R2 and the -lying (111) layer of ~1 -ions of area 14.582, W t we may deduce that the attached layer of Na+ ions W c e s formatim of the top (111) layer of a-icns by eledzostatic farces, and so accollIlt f m the observaticn that up to 90% of the NaCl crystals are attached w i t h their (111) faces to the mcnolayer. When a m l a y e r of carbcorylic acids which bear a styrene or diacetylenic group i n the side tail was used, a pmanxed reductx 'cm of the number of crystals was noticed. Spreadiq a m l a y e r of Octadecylanine, which is posiuvely charged, pirarptes nucleaticn of NaCl a t the intarface frun the natural (100) face (Fig.9c) . This mrolayer has a limiting mlemlar surface area of 31.0fi2 which is alm3st equal to the unit surface area of NaCl m its (100) face (31.M2). The match between thee two surfaces Suggests that chloride icms penetrate betmen the positively charged octadecyl Enmcniun mlecules in arder to preserve charge neutrality, so inducirg nucleaticn of the (100) face of NaCl.
LANGMUIR-BLODGETT FILMS
The present studies suggest that in principle it skuld be possible to coat solid suppcats with a structured -layer for the oriented growth of crystals. Indeed, we were able to coat glass with Laqnuir-Blodgett films e x p c d q their polar head grwps to the soluticn for the ccntrolled orient4 gfiwth of glycine and N a a , enablirg simultaneous canparison of the crystallizaticn a t the air/soluticn and solid/solutim interfaces. crystallization results for both N a C l and glyCine m alm3st identicdl a t tfiese two htarfaceS. Thus, f a example, when glycine was grc~ln cn glass coated with a mrolayer of palmitoyl-R-lysh (fmn aqueaus soluticn antainiq 1% of carp-NE-s-lysine), yellow plates attached to the film with their (010) face were faad.
when the coat4 film was of S-absolute cmfiguraticn, e n a n t i n tramparent pyrmicis attached with their (010) face to the film were obtained (ref.6).
carried cut in crystallizaticn of Nacl cn surfaces coated with stearic acid and Stearyl glutmate (lo). Fig.lOa skws a t of crystals with their (111) face attached to the -layer.
Fig.lOb
ShaKS crystals of NaCl with their (110) and (100) faces attached to the surface.
Analogous studies A t least two possible mechanism may -lain the observed results. The f i r s t cne is that nucleatim starts a t the floating L a r q m i r mrolayer and crystal nuclei a m transferred together with the -layer cnto the glass support. A seccnd possibility is that the m x~~l a y e r s &pit4 cn the glass slide assune a structure similar to that of the f1oatA.q Lanpmcir film and so &mild initiate the crystal nucleaticn. Scme support for the latter rmchanisn comes fmn the OtSeYYaticn that crystal nuc1eati.m of sodiun chloride crystals is faster with L w -B l o d g e t t filns canpared to the floating L a q n u i r Ones. Definite 
CONCLUSIONS
Largmir and L a r g m i r -B l o d g e t t films have been used for the study of crystal nucleaticn.
The nmolayers were designed srach that the polar head grcups are arranged in a mamer similar or cmpleinentary to a layer of mleculea or ia-s belcngins to the face of the tobe-nucleated crystal at the interface. The packing arrangement of scme of the floating mxlolayers were studied by grazing incidence X-ray diffraction and reflectivity, using qnchmkn light.
oriented crystallizaticn of glycine and sodiun chloride was induoed under a variety of mxlolayers. Fur both system the stmxtum of the nucleating face of the attached crystals pmved to be a sensitive prch of the match or amplanentarity between the packing mang€mnt of the head grcups of the nmolayer and the layer simxtum of the nucleated face of the crystal. This stemmkm 'cal ccarelaticn may be utilized for obtamuq structural infonnaticn on daMins of a@i@ilic mlecules a t interfaces for i3mse systems which are Ilot y e t amenable to present techniques, such as X-ray diffracticn, but w b i c h are able to irxluce oriented crystallizaticn. Such s k u l d pmvide, eventually, infarmation cn the size and structure of molecular clusters en rarte to crystal nwleaticn. Fhally, the & s i g n of surfaces cn solid SuFpOrts m i g h t prwe to be of practical irrportanCe inc=Ptal-P=a-P-===-.
. .
